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Advances in opto-electronics require the development of materials with novel and engineered char-
acteristics. A class of materials that has garnered tremendous interest is metal-halide perovskites,
stimulated by meteoric increases in photovoltaic efficiencies of perovskite solar cells. In addition,
recent advances have applied perovskite nanocrystals (NCs) in light-emitting devices. It was dis-
covered recently that, for cesium lead-halide perovskite NCs, their unusually efficient light-emission
may be due to a unique excitonic fine-structure composed of three bright triplet states that min-
imally interact with a proximal dark singlet state. To study this fine-structure without isolating
single NCs, we use multi-dimensional coherent spectroscopy at cryogenic temperatures to reveal
coherences involving triplet states of a CsPbI3 NC ensemble. Picosecond timescale dephasing times
are measured for both triplet and inter-triplet coherences, from which we infer a unique exciton
fine-structure level-ordering comprised of a dark state energetically positioned within the bright
triplet manifold.
INTRODUCTION
Cesium lead-halide perovskites were first synthesized
over a century ago with a general chemical formula
CsPbX3 (where X = Cl, Br, or I). Recently, synthesis of
CsPbX3 nanocrystals (NCs) was achieved [1, 2], which
combines the advantages of perovskites (e.g., efficient lu-
minescence, long carrier diffusion length) with that of
colloidal NC materials (e.g., surface engineering, size-
tunable emission). Perovskite NCs exhibit luminescence
with quantum yields reaching nearly unity [3], in contrast
to the optimized 80% quantum yield achieved by chalco-
genide NCs coated with a gradient shell [4]. Although all
other colloidal materials suffer inhibited emission from
lower energy dark states [5], the unusual brightness of
perovskite NCs is now believed to originate from an op-
tically active, nondegenerate triplet state that emits effi-
ciently despite the presence of a dark singlet state [6, 7].
The unique exciton fine-structure of perovskite NCs
has significantly extended the potential applications of
colloidal NCs. In particular, the three non-degenerate
bright triplet states and their orthogonally-oriented
dipole moments have generated much excitement for po-
tential applications in quantum information processing
[8, 9]. However, engineering exciton superposition states
as information carriers will require an intimate knowl-
edge of their coherent dynamics, which are still not well-
understood. The exciton fine structure of perovskite NCs
has thus far only been studied via single-NC photolu-
minescence [6, 10, 11] and transient absorption [12, 13]
techniques, which have provided information only about
their incoherent population dynamics. Furthermore, in-
homogeneous spectral broadening due to NC size disper-
sion limits the utility of linear spectroscopic techniques
in studying NC ensembles. More sophisticated methods
are thus required [14–17] to extract the desired ensemble-
averaged coherent properties of perovskite NCs.
Here, we extract crucial figures of merit for quantum
information processing, the ensemble-averaged triplet co-
herence times, and reveal coherence times of both optical
triplet coherences and terahertz inter-triplet coherences
for an ensemble of CsPbI3 NCs (see Fig. 1a-b) at cryo-
genic temperatures. We also present evidence for a mixed
bright-dark level-ordering (see Fig. 1c) that renders the
triplet state excitons only partially bright. These mea-
surements are enabled by using multi-dimensional coher-
ent spectroscopy (MDCS) [18] to circumvent the inho-
mogeneous broadening that obscures spectral signatures
of the exciton fine-structure and resolve coherent cou-
pling involving different triplet states. The extracted co-
herence times for CsPbI3 NCs are an order-of-magnitude
longer compared to candidate materials for valley-tronics
[14, 15, 19], which positions perovskite NCs as a potential
material platform for quantum information applications
via bottom-up assembly.
To perform MDCS we use a Multi-Dimensional Op-
tical Nonlinear Spectrometer [21], which focuses three
laser pulses onto the perovskite NC ensemble sample as
a function of three time delays τ , T , and t (schematically
shown in Fig. 1d and inset). By Fourier transforming the
emitted four-wave mixing (FWM) signal as a function of
two or all three time delays, the coherences and popu-
lations induced by each pulse are correlated in a multi-
dimensional spectrum. In this study, we Fourier trans-
form along the variables τ and t to obtain one-quantum
spectra (which correlate the absorption energy ~ωτ with
the emission energy ~ωt) and along the variables T and t
to obtain zero-quantum spectra (which correlate the in-
traband mixing energy [22] ~ωT and the emission energy
~ωt). Furthermore, the polarization of the second pulse
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FIG. 1: CsPbI3 perovskite nanocrystals studied via MDCS. a, Transmission electron micrograph of representative
CsPbI3 NCs. b, Perovskite NC absorption spectra as a function of temperature [20]. c, Energy level diagram of the non-
degenerate bright triplet states {ψx, ψy, ψz} that form the band-edge. The dark singlet state |ψd〉 is shown to lie between states
|ψy〉 and |ψz〉, which is argued in the main text. d, Schematic of the MDCS experiment. Three pulses A, B, and C arranged in
the box geometry are focused onto the sample with varying time delays as shown in the inset. Double-sided arrows in circles
denote the polarization of each pulse. Pulses A and C are horizontally polarized, which is indicated by the horizontal arrows.
Pulse B is either horizontally or vertically polarized, which corresponds to an emitted signal of either horizontal or vertical
polarization respectively as indicated by arrows of matching color of the emitted signal.
(labeled B in Fig. 1d) is chosen to align either parallel or
orthogonal to the co-linear polarizations of the other two
pulses to probe different quantum pathways. We denote
the two polarization schemes as co-linear excitation and
cross-linear excitation respectively.
ONE-QUANTUM SPECTRA PROBE OPTICAL
TRIPLET COHERENCES
One-quantum spectra were acquired at a tempera-
ture of 4.6 K with co-linear and cross-linear excitation
(shown in Figs. 2a and 2b). Both spectra show nu-
merous peaks that are elongated in the diagonal direc-
tion (|~ωτ | = |~ωt|), reflecting inhomogeneous broaden-
ing [23]. By taking cross-diagonal slices (indicated by
the red/white dashed lines in Figs. 2a and 2b), the
ensemble-averaged homogeneous response of NCs with
a certain resonance energy is obtained [23]. We plot
cross-diagonal slices of the one-quantum spectra in Figs.
2c and 2d. In the full slices (inset), asymmetric peaks
are observed for |∆E| & 4 meV which we attribute to
electronic-vibrational coupling. The main plots of each
slice section (highlighted by the yellow boxes inset) show
symmetric peaks that, due to their polarization depen-
dence, we attribute to absorption and emission involving
different triplet state coherences.
In the third-order perturbative limit, the origin of ob-
served peaks is interpreted as changes in the system den-
sity matrix induced by each pulse that form accessible
quantum pathways [24]. Peaks 1 and 3 in Fig. 2c are
generated by absorption and emission of coherences in-
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FIG. 2: Triplet coherences in one-quantum spectra. Magnitude one-quantum spectrum at 4.6 K with a, co-linear and b,
cross-linear excitation. The white/red dashed lines and solid black lines indicate the cross-slice locations and laser pulse spectra
respectively. Cross-slice centered at |~ωτ | = |~ωt| = 1900 meV of the c, co-linear and d, cross-linear excitation one-quantum
spectrum. Numbers in c and d indicate peaks arising from electronic interband coherences and populations.
volving |g〉 and both triplet states |ψx〉 and |ψy〉. We
note that our measurements do not inform the ordering
of states
∣∣ψx/y〉, so we assume the ordering shown in Fig.
1c for labeling the dephasing rates discussed below. The
central peak 2 is likewise generated by quantum pathways
involving absorption and emission by coherences of iden-
tical resonance energy |g〉 〈ψi| and |ψi〉 〈g| respectively.
In Fig. 2d peaks 1 and 3 are visible as shoulders on
two new peaks 4 and 5, which are generated by absorp-
tion and emission of coherences involving |g〉 and triplet
states |ψy〉 and |ψz〉. The polarization dependence of all
five peaks reflects orthogonally-oriented linear dipole mo-
ments of the three triplet states. Here, the peak strengths
are determined by the projection of each dipole moment
onto the observation plane of each NC. However, the ab-
sence of a clear sideband at ∆E = ±(Ω1 + Ω2), corre-
sponding to coupling between the transitions involving
|g〉 and triplet states |ψx〉 and |ψz〉, suggests a much
stronger dipole moment for |ψy〉 compared to those of
|ψx〉 and |ψz〉.
Fitting the cross-diagonal lineshapes also extracts the
homogeneous linewidths γi [23] of triplet state transitions
between |g〉 and |ψi〉. In this context one-quantum spec-
tra are particularly useful when compared to integrated
FWM techniques [25], since the cross-diagonal slice po-
sition |~ωt| = |~ωτ | reflects an effective NC size (see SI).
Though the peaks 1 and 4 and peaks 3 and 5 would ide-
ally be mirror-images, vibrational coupling distorts the
lineshapes of peaks 1 and 4. We thus fit only the ∆E ≥ 0
side (details in SI). Fit of the co-linear slice lineshape
(Fig. 2c) gives a sideband (peaks 1 and 3) dephasing
rate ~γx+γy2 = 0.12 meV (5.49 ps) and a zero-phonon
line (peak 2) dephasing rate 0.124 meV (5.32 ps). Fit
of peaks 4 and 5 in the cross-linear slice lineshape (Fig.
2d) gives a dephasing rate ~γy+γz2 = 0.496 meV (1.33
ps). The fitted triplet state energy splittings are likewise
Ω1 = 1.82 meV and Ω2 = 0.24 meV. If the dipole mo-
ment of state |ψy〉 is indeed much larger than those of
4|ψx〉 and |ψz〉, the zero-phonon line dephasing rate will
approximately equal ~γy which in turn determines the
individual triplet state dephasing rates γx = 0.116 meV
(T x2 = 5.68 ps), γy = 0.124 meV (T
y
2 = 5.32 ps), and
γz = 0.868 meV (T
z
2 = 0.76 ps).
ZERO-QUANTUM SPECTRA PROBE
TERAHERTZ INTER-TRIPLET COHERENCES
Many of the quantum pathways that generate the side-
bands in Figs. 2a and 2b involve inter-triplet coherences,
which are quantum coherences between triplet states that
are not necessarily dipole coupled [26]. Of both funda-
mental and practical importance is the inter-triplet co-
herence time, which defines the timescale during which
the superposition states involved may be coherently ma-
nipulated. Inter-triplet coherences are those density ma-
trix elements of the form |ψi〉 〈ψj | where i, j = {x, y, z}
and i 6= j. To directly measure and characterize these co-
herences, we take zero-quantum spectra at varying tem-
perature and delay τ . For co-linear excitation no inter-
triplet coherences between |ψx〉 and |ψy〉 are observed
(see SI). It is ambiguous whether their corresponding
peaks are weak, or are simply obscured by the linewidth
of a central ωT = 0 peak. For cross-linear excitation,
we further isolate the inter-triplet coherence pathways
by passing the measured FWM signal through a vertical
polarizer. We plot a resultant cross-linear zero-quantum
spectrum at 20 K in Fig. 3a. Sidebands are observed at
mixing energies identical to the positions of peaks 4 and 5
in Fig. 2d, which we attribute to inter-triplet coherences
between |ψy〉 and |ψz〉. An inter-triplet coherence be-
tween |ψx〉 and |ψz〉 is observed in neither the co-linear
nor cross-linear zero-quantum spectra, which is consis-
tent with a dominant transition dipole of state |ψy〉 as
argued above.
In Fig. 3b, the evolutions of normalized slices (at
~ωT = 1890 meV) as a function of delay τ and tempera-
ture are shown. The FWM signal dephases rapidly with
increasing τ and results in an equally rapid decrease of
sideband visibility, in contrast to the opposite behavior
of vibrational intraband coherences (see [16] and SI). No
change in the amplitude ratio between sidebands 6 and
8 is observed as temperature increases, confirming that
the state splitting observed indeed belongs to the bright-
triplet excited state rather than from thermal filling of
higher-lying ground states. We note that the triplet state
coherences in one-quantum spectra broaden significantly
with increasing temperature, and are not resolved at tem-
peratures above 15 K. In contrast, no significant broad-
ening is observed of the inter-triplet coherence linewidth
up to 40 K (see Fig. 3b), indicating that inter-triplet
coherences are robust against thermal dephasing [14].
A slice at τ = 0 fs is plotted in Fig. 3c, from which
we can extract the inter-triplet coherence time. How-
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FIG. 3: Inter-triplet coherences in zero-quantum spec-
tra. a, Magnitude zero-quantum spectrum taken at τ = 0
fs and 20 K by passing the FWM signal through a vertical
polarizer. Two sidebands due to inter-triplet coherences are
observed. b, Evolution of normalized slices taken along the
dashed red line in a at ~ωt = 1890 meV as a function of delay
τ (at 20 K) and temperatures [10, 15, 20, 25, 30, 40] K (at
τ = 0 fs). c, Fit of cross-slice taken at τ = 0 fs, in which the
complex Lorentzians of peaks 6 and 8 are shifted by phases
−pi
2
relative to peak 7. The shaded curves represent the real
quadratures of each Lorentzian used to fit lineshape, and the
top plot is the phase of the fitted complex lineshape.
5ever, the quantum pathways that generate peaks 6 and 8
involve identical dipole moments µ2yµ
2
z, from which we
expect equal peak amplitudes contrary to the uneven
peaks observed. This difference is due to interference be-
tween the three complex Lorentzian lineshapes underly-
ing the overall amplitude lineshape, and the fit to experi-
ment is performed by shifting the phase of each sideband
Lorentzian lineshape by identical factors of −pi2 relative
to the central ωT = 0 peak. From our fit, we extract
an energy splitting Ω1 = 1.61 meV and an inter-triplet
coherence time T yz2 = 1.36 ps at 20 K.
DISCUSSION
It is quite unexpected that the optical dephasing rate
γz is so much faster than those of the other two triplet
states γx and γy. Although this disparity suggests a
fundamentally different dephasing mechanism for coher-
ences involving state |ψz〉, photoluminescence of similar
orthorhombic perovskite NCs that exhibit triplet state
structure reveals similar emission linewidths for all three
states of the manifold [6, 7]. We resolve this discrepancy
by proposing a unique exciton fine-structure comprised
of a dark singlet state |ψd〉 that lies above the states |ψx〉
and |ψy〉, which form the band-edge, while remaining be-
low the third triplet state |ψz〉 (shown in Fig. 1c). Rapid
relaxation from |ψz〉 to |ψd〉 then significantly decreases
the population lifetime T z1 , and consequently T
z
2 as well
[24]. Such a fine-structure has been theoretically pre-
dicted [27] in certain ranges of NC size due to competition
between the Rashba effect and electron-hole exchange in-
teraction. Our hypothesis is further supported by previ-
ous photoluminescence studies of CsPbI3 NCs of nearly
identical size [10] which revealed polarized doublets cor-
responding to |ψx〉 and |ψy〉 but did not detect the third
triplet state |ψz〉, whose emission would be quenched by
non-radiative relaxation to |ψd〉 according to our model.
In accordance with the predicted size-dependence of the
relative dark state energy [27], we also observe an abrupt
increase in T y2 with increasing slice position (see SI) which
results from a crossing in energy of |ψy〉 and |ψd〉.
To conclude, we have measured and characterized both
optical frequency triplet coherences and terahertz fre-
quency inter-triplet coherences. We have also presented
evidence of an exciton bandedge whose emission is par-
tially quenched by an intermediate dark state, which con-
tributes important insight into the controversial nature of
exciton ground states in different perovskite NC materi-
als [6, 7]. As a material still in its infancy, perovskite NCs
show promise for applications in opto-electronic devices.
Particularly, the minimal thermal broadening of inter-
triplet coherences observed here motivates study of appli-
cations above cryogenic temperatures. For example, in a
triplet-state analogue of valleytronics in two-dimensional
materials [19], superpositions of triplet states could be
initialized and read-out with linearly polarized light and
coherently manipulated via terahertz radiation [28] as in-
formation carriers.
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Materials
The NCs studied are cube-shaped, with side lengths of
8.7 ± 2.6 nm measured from transmission electron mi-
croscopy measurements (shown in Fig. 1a). These sizes
are comparable to the CsPbI3 exciton Bohr diameter (12
nm) [1], and correspond to a room temperature 1S exci-
ton absorption peak centered around 1900 meV (shown
in Fig. 1b). The synthesis method is described in the SI.
7Supplemental Information for:
Partially-Bright Triplet Excitons in Perovskite Nanocrystals
1
8Contents
I. Sample Synthesis and Characterization 2
A. Preparation of Cs-Oleate Stock Solution 3
B. Synthesis of CsPbI3 perovskite nanocrystals with Cs:Pb:I = 1:4.34:8.68 Molar
Ratio 3
C. Transmission Electron Microscopy (TEM) 4
II. Details of Experiment 4
III. Mapping Feynman Diagrams to Peaks in 2-D Spectra 5
A. Third-Order Response Function 5
B. Phase-Matching 6
C. Double-Sided Feynman Diagrams 6
D. Equation Form of Diagrams 7
IV. One-Quantum Lineshapes 8
Time-Domain Signal 8
New Transform Axes 9
Shift and Projection 10
Inhomogeneous Limit 10
V. Zero-Quantum Lineshapes 11
VI. One-Quantum Lineshape Fits 12
A. Co-linear Spectrum Fits 12
B. Cross-linear Spectrum Fits 13
VII. Co-Linear Zero-Quantum Spectra 15
References 15
I. SAMPLE SYNTHESIS AND CHARACTERIZATION
Synthesis of the nanocrystals used in this study follows the procedures detailed in [1, 2].
2
9A. Preparation of Cs-Oleate Stock Solution
80 mg of Cs2CO3 (0.5 mM Cs
+) was added to a 50 mL 2-neck round-flask, followed
by addition of 1 mL of oleic acid and 7 mL of 1-octadecene. The flask was connected to
a Schlenk line and vigorously stirred under vacuum at 100◦C for 1 hour. After obtaining
a transparent solution ([Cs+] = 0.06 mol/L), the system was maintained at 80◦C under
nitrogen flow to avoid the formation of a white precipitate.
B. Synthesis of CsPbI3 perovskite nanocrystals with Cs:Pb:I = 1:4.34:8.68 Molar
Ratio
100 mg of PbI2 (≈ 0.217 mM) was added to a 50 mL 3-neck round-flask, followed by
the addition of 4.5 mL of 1-octadecene. The flask was connected to a Schlenk line and
vigorously stirred under vacuum at 100◦C for 30 min. Afterwards 1 mL of oleic acid and
0.5 mL of oleylamine was added, while keeping the reaction flask under vigorous stirring in
vacuum at 100 ◦C until complete solubilization of the PbI2, upon obtaining a transparent
yellow solution. Prior to injection of the Cs+ precursor, the temperatures of the Pb2+ and I−
precursor solutions were raised to 140◦C under vigorous stirring and nitrogen flow, followed
by swift injection of 0.8 mL of Cs-oleate stock solution. Formation of an intense red colloidal
suspension of CsPbI3 nanocrystals was then observed. The suspension was immediately
submerged in a cold water bath to cool down to room temperature for quenching nanocrystal
growth.
The nanocrystals were cleaned by adding 15 mL of anhydrous methylacetate and cen-
trifuged at 12000 rpm for 5 minutes. The supernatant was discarded and the precipitated
nanocrystals were redispersed in anhydrous hexane.
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C. Transmission Electron Microscopy (TEM)
Transmission electron micrographs were acquired on the CsPbI3 sample:
FIG. 1: Room-temperature TEM micrograph of CsPbI3 nanocrystals.
100 nanocrystals were measured to obtain an average edge length 8.7 ± 2.6 nm.
II. DETAILS OF EXPERIMENT
We use a Multi-Dimensional Optical Nonlinear Spectrometer (MONSTR) [3], which fo-
cuses three laser pulses onto the sample. The excitation pulses are of 90 fs duration at a
250 kHz repetition rate, and the excitation intensity of 5 W/cm2 generates a predominately
third-order response as verified by a power-dependence measurement of the generated tran-
sient four-wave-mixing signal. The emitted signal is then heterodyne detected [4] with a
co-propagating local-oscillator pulse as a function of time delays τ , T , and/or t with sub-
wavelength stability.
The sample studied is an ensemble of CsPbI3 perovskite nanocrystals dispersed in hep-
tomethylnonane and suspended in a copper sample holder with sapphire windows. The
sample optical density is measured to be 0.3 at the room-temperature 1S exciton absorption
peak.
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III. MAPPING FEYNMAN DIAGRAMS TO PEAKS IN 2-D SPECTRA
A. Third-Order Response Function
The interpretation of 2-D spectra is performed through a perturbative expansion of the
material polarization in response to a weak field. The third-order response may be written
as:
P (3)(t) ∝
∫ ∞
0
∫ ∞
0
∫ ∞
0
E(t− t3)E(t− t3 − t2)E(t− t3 − t2 − t1)R(t3, t2, t1)dt1dt2dt3 (1)
where the times t1, t2, and t3 are defined:
Pulse A Pulse B Pulse C
t2t1 t3
time
There is thus a direct correspondence between each field term in the third-order polarization
and a single pulse in a three-pulse experiment. Note that what we denote t1, t2, and t3 here
are equivalent to the delays τ , T , and t respectively (as denoted in the main paper).
The response function R(t3, t2, t1) is defined by:
R(3)(t3, t2, t1) = −iTr {µˆ(t3 + t2 + t1), [µˆ(t2 + t1), [µˆ(t1), [µˆ(0), ρ(t0)]]]} (2)
where ρ(t0) is the initial density matrix of the system (which we take to be the ground state
density matrix |g〉 〈g|), Tr{...} denotes the trace operation and µˆ(t) is the dipole operator
in the interaction picture. We see that the response function is composed of three nested
commutators, and thus contains 8 terms.
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B. Phase-Matching
We see in equation (1) that there are three fields that each may be written in complex
form:
E(t) ∝ E(t) (e+iωt−ik·r−iφ + e−iωt+ik·r+iφ) (3)
where ω and k are the angular frequency and wavevector that characterize the electromag-
netic wave, and E(t) is the pulse envelope.
In equation (2), the dipole operators are written in the interaction picture. This means
they involve both interactions via the dipole operator µˆ and density matrix evolution at the
transition frequency ωij, where |i〉 and |j〉 are two states separated by the optical frequency
we excite at. After taking into account both the optical field terms in equation (3) and the
density matrix evolution terms, various terms will become negligible in the rotating wave
approximation (RWA).
That is, for certain combinations ±ωA ± ωB ± ωC (and equivalently ±kA ± kB ± kC),
only certain terms of the nested commutator in equation (2) will be non-negligible. In our
experiment, we isolate the polarization that radiates in the direction k = −kA+kB+kC , and
therefore isolate specific terms via wave-vector selection. The tedious process of calculating
the explicit terms that survive the RWA may be considerably simplified by use of double-
sided Feynman diagrams.
C. Double-Sided Feynman Diagrams
As mentioned above, in our experiment we isolate the radiated signal in the k = −kA +
kB+kC direction. Because of the minus sign in front of kA, we say that pulse A is conjugated,
while pulses B and C are non-conjugated. With these terms defined, we may construct the
Feynman diagrams used to interpret the collected signal. An example diagram is shown:
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where |i〉 is lower in energy with respect to |j〉 and |j′〉. The states |i〉 and |j〉/|j′〉 are
separated by ~ωij/~ωij′ , where ωij/ωij′ are optical frequencies we excite at.
The diagram may be constructed as follows:
1. Time increases from the bottom of the diagram going up.
2. The density matrix element at the bottom |i〉 〈i| is the initial density matrix of the
system and must be a population state.
3. Pulse interactions are represented by arrows; arrows pointing (out)inwards cause
(de)excitation of either the Ket or Bra, depending on the side on which the arrow
is placed.
4. Ordering of the arrows going from the bottom upwards follows the time-ordering of
the pulses in experiment.
5. Conjugated pulses are represented by left-pointing arrows, and non-conjugated pulses
are represented by right-pointing arrows.
6. For a n-order process, there are n arrows and n density matrix elements after the
initial density matrix |i〉 〈i|.
All diagrams that contribute to the measured signal may be found by taking all combinations
of density matrix elements and arrows on either side that satisfy the above rules.
D. Equation Form of Diagrams
We now demonstrate how one may write down the relevant third-order polarization terms
directly from the double-sided Feynman diagrams. We show the example diagram from
before and its corresponding equation:
Here, we’ve highlighted each density matrix element and its corresponding terms in equa-
tion form. We see that the density matrix element induced by each pulse will oscillate at
the difference frequency of the two states composing the Bra and Ket for a time ti until the
next excitation pulse or detection. For simplicity, we’ve included the Markovian dephasing
terms Γij, which correspond to either coherence dephasing (if i 6= j) or population relaxation
7
14
(if i = j). If the coherences evolve outside of the Markovian dephasing regime, we replace
these terms by those of the form e−g(t), where g(t) is the lineshape function characterizing
the system-bath interaction.
IV. ONE-QUANTUM LINESHAPES
We show straightforward extensions of the procedure outlined by Siemens et al. [5] to fit
lineshapes of sidebands in one-quantum and zero-quantum spectra.
Time-Domain Signal
We consider the case of a rephasing signal resulting from excitation and emission frequen-
cies ω1 and ω2 respectively (ignoring dynamics during T ), and assume perfectly correlated
inhomogeneous broadening between the two transitions with dephasing rates γ1 and γ2:
s(t, τ) = Θ(t)Θ(τ)e−γ1τe−γ2t
∫
e−i[(ω1+∆ω)τ−(ω2+∆ω)t]e−
∆ω2
2σ2 d∆ω
= Θ(t)Θ(τ)e−γ1τe−γ2te−iω1τe+iω2t F
{
e−
∆ω2
2σ2
}∣∣∣∣
t−τ
∝ Θ(t)Θ(τ)e−γ1τe−γ2te−iω1τe+iω2te−σ
2
2
(t−τ)2 (4)
Defining the new time variables:
t′ =
1
2
(t+ τ) τ ′ =
1
2
(t− τ) (5)
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We recast the time-domain signal:
s(t′, τ ′) = Θ(t′ + τ ′)Θ(t′ − τ ′)e−γ1(t′−τ ′)e−γ2(t′+τ ′)e−iω1(t′−τ ′)e+iω2(t′+τ ′)e−2σ2τ ′2 (6)
New Transform Axes
It is important to determine the specific axes that the new time-variables result in after
Fourier transform. Writing out the original transform:
f(t, τ) =
∫∫
e−i(ωtt+ωτ τ)f(ωt, ωτ )dωτdωt (7)
In terms of the new time variables:
f(t′, τ ′) =
∫∫
e−i[ωt(t
′+τ ′)+ωτ (t′−τ ′)]f(ωt, ωτ )dωτdωt
=
∫∫
e−i[(ωt+ωτ )t
′+(ωt−ωτ )τ ′]f(ωt, ωτ )dωτdωt
We see that the natural conjugate variables for t′ and τ ′ are:
ωt′ = ωt + ωτ ωτ ′ = ωt − ωτ (8)
or equivalently:
ωt = ωt′ + ωτ ′ ωτ = ωt′ − ωτ ′ (9)
NOTE: In the rephasing pulse sequence, ωτ is negative.
Using the Jacobian of our variable transformation:
J =
∣∣∣∣∣∣
dωt
dωt′
dωt
dωτ ′
dωτ
dωt′
dωτ
dωτ ′
∣∣∣∣∣∣ = −1− 1 = −2 (10)
We change the variables of integration:
f(t′, τ ′) = 2
∫∫
e−i(ωt′ t
′+ωτ ′τ ′)f(ωt′ , ωτ ′)dωτ ′dωt′ (11)
9
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Shift and Projection
We now shift the signal to the origin in our τ ′ and t′ coordinates via multiplication by
e+iω1(t
′−τ ′)τ ′e−iω2(t
′+τ ′):
sorigin(t
′, τ ′) = Θ(t′ + τ ′)Θ(t′ − τ ′)e−γ1(t′−τ ′)e−γ2(t′+τ ′)e−2σ2τ ′2 (12)
The projections along t′ and τ ′ are then:
sproj,t′ =
∫ ∞
−∞
sorigin(t
′, τ ′)dτ ′ = e−(γ1+γ2)t
′
∫ t′
−t′
e(γ1−γ2)τ
′
e−2σ
2τ ′2dτ ′ (13)
sproj,τ ′ =
∫ ∞
−∞
sorigin(t
′, τ ′)dt′ = e(γ1−γ2)τ
′
e−2σ
2τ ′2
∫ ∞
|τ ′|
e−(γ1+γ2)t
′
dt′ (14)
where the Heaviside functions are accounted for by change of integration limits.
Inhomogeneous Limit
In the inhomogeneous limit (σ  γ1, γ2) the signal decays along τ ′ much faster than
along t′. In the integral along τ ′ we can approximate the gaussian portion of the kernel as a
delta function. In the integral along t′, we can approximate the lower limit as 0. These two
limits give:
sproj,t′ = e
−(γ1+γ2)t′
∫ t′
−t′
e(γ1−γ2)τ
′
δ(τ ′)dτ ′ = e−(γ1+γ2)t
′
Θ(t′) (15)
sproj,τ ′ = e
(γ1−γ2)τ ′e−2σ
2τ ′2
∫ ∞
0
e−(γ1−γ2)t
′
dt′ = e(γ1−γ2)τ
′
e−2σ
2τ ′2 (16)
which then give the frequency domain lineshapes in the inhomogeneous limit:
Sslice(ωt′) ∝ 1
(γ1 + γ2) + iωt′
(Cross-Diagonal) (17)
Sslice(ωτ ′) ∝ e−
ω2
τ ′
8σ2 (Diagonal) (18)
where we’ve assumed γ1 − γ2  σ.
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V. ZERO-QUANTUM LINESHAPES
The lineshapes of a zero-quantum spectrum can be derived by the same method, with
inclusion of an intermediate zero-quantum coherence with a dephasing rate of γT :
s(t, T, τ) = Θ(t)Θ(T )Θ(τ)e−γ1τe−γ2te−γTT
∫
e−i[(ω1+∆ω)τ−(ω2+∆ω)t]ei(ω2−ω1)T e−
∆ω2
2σ2 d∆ω
= Θ(t)Θ(T )Θ(τ)e−γ1τe−γ2te−γTT e+i(ω2−ω1)T e−iω1τe+iω2t
∫
e+i∆ω(t−τ)e−
∆ω2
2σ2 d∆ω
= Θ(t)Θ(T )Θ(τ)e−γ1τe−γ2te−γTT e+i(ω2−ω1)T e−iω1τe+iω2t F
{
e−
∆ω2
2σ2
}∣∣∣∣
t−τ
= Θ(t)Θ(T )Θ(τ)e−γ1τe−γ2te−γTT e+i(ω2−ω1)T e−iω1τe+iω2t
[
e−
σ2
2
t′2
]
t′=t−τ
= Θ(t)Θ(T )Θ(τ)e−γ1τe−γ2te−γTT e+i(ω2−ω1)T e−iω1τe+iω2te−
σ2
2
(t−τ)2 (19)
Shift frequency domain peak to origin:
sorigin(t, T, τ) = s(t, T, τ)e
−i(ω2−ω1)T e−iω2t
= Θ(t)Θ(T )Θ(τ)e−γ1τe−γ2te−γTT e−iω1τe−
σ2
2
(t−τ)2 (20)
Project onto T axis:
sproj(T ) =
∫ ∞
−∞
sorigin(t, T, τ)dt
= Θ(t)Θ(T )Θ(τ)e−γ1τe−γTT e−iω1τ
∫ ∞
0
e−γ2te−
σ2
2
(t−τ)2dt
= Θ(t)Θ(T )Θ(τ)e−(γ1+γ2)τe−γTT e−iω1τ
∫ ∞
−τ
e−γ2t
′
e−
σ2
2
t′2dt′ (21)
In the inhomogeneous limit:
sproj(T ) = Θ(t)Θ(T )Θ(τ)e
−(γ1+γ2)τe−γTT e−iω1τ (22)
which gives the lineshape:
Sslice(ωT ) = Θ(t)Θ(τ)e
−(γ1+γ2)τe−iω1τF {e−γTTΘ(T )} (23)
∝ Θ(t)Θ(τ)e−(γ1+γ2)τe−iω1τ 1
γT − iωT
11
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VI. ONE-QUANTUM LINESHAPE FITS
The lineshapes observed in the obtained one-quantum spectra, especially on the ∆E < 0
side of each spectra, exhibit lineshapes distorted by vibrational coupling that deviate from
ideal summations of Lorentzians. We thus fit the co-linear and cross-linear lineshapes with
symmetric complex Lorentzian peaks, but only on the ∆E ≥ 0 side.
A. Co-linear Spectrum Fits
To investigate the dependence of parameters on nanocrystal size, we fit cross-diagonal
slices centered at various slice positions |~ωτ | = |~ωt|:
Slice Position (meV) Slice Position (meV)
Slice Position (meV)ΔE = ħωt - ħω𝜏 (meV)
Sl
ic
e 
Po
si
ti
o
n
 (
m
eV
)
1915 meV
1885 meV
4.55 K
Slice Position (meV)
FIG. 2: Left: The slices from a co-linear one-quantum spectrum at 4.55 K are plotted as blue
curves, with their corresponding fitted lineshapes overlayed as dashed red lines. Right: Fitted
parameters are plotted as a function of slice position.
The slices are fitted in the range 0 ≤ ∆E ≤ 0.7 meV to three complex Lorentzians, where
the sidebands are shifted in phase by pi
2
to achieve the correct lineshapes.
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B. Cross-linear Spectrum Fits
Just as with the co-linear spectrum, we fit cross-diagonal slices centered at various slice
positions |~ωτ | = |~ωt|:
Slice Position (meV) Slice Position (meV)ΔE = ħωt - ħω𝜏 (meV)
Sl
ic
e 
Po
si
ti
o
n
 (
m
eV
)
1915 meV
1885 meV
Slice Position (meV)
Slice Position (meV) Slice Position (meV) Slice Position (meV)
FIG. 3: Left: The slices from cross-linear one-quantum spectra are plotted as blue curves, with
their corresponding fitted lineshapes overlayed as dashed red lines. Right: Fitted parameters are
plotted as a function of slice position.
The slices are fitted in the range 0 ≤ ∆E ≤ 2.5 meV to five complex Lorentzians,
where all four sidebands are shifted in phase by pi/2 to achieve the correct lineshapes. To
explore the possibility of a weak, third sideband at energy ∆E = Ω1 + Ω2, corresponding to
absorption and emission involving the states |ψx〉 and |ψz〉, we attempted to fit the above
lineshapes with an additional two Lorentzian peaks. However, no reasonable fits were found
possible.
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From the fitted peak linewidths, we can extract the dephasing rates of the triplet state
manifold γx, γy, and γz as described in the main text:
𝛾
x 
(m
eV
) 𝛾y
(m
eV
) 𝛾
z
(m
eV
)
FIG. 4: Extracted dephasing rates of each triplet state transition.
While γx does not exhibit a clear monotonic increase or decrease with changing size, γy
sharply increases at a slice position of around 1900 meV. This indicates that, within the
size-distribution probed by our laser bandwidth, |ψy〉 becomes degenerate with |ψd〉 at an
energy gap of around 1900 meV and becomes increasingly higher in energy at larger slice
positions. A more statistically comprehensive study is needed to draw firm quantitative
conclusions.
14
21
VII. CO-LINEAR ZERO-QUANTUM SPECTRA
Zero-quantum spectra were acquired with a co-linear (HHHH) excitation scheme:
|2
D
| 
(a
.u
.)
Mixing Energy ħωT (meV)
M
ix
in
g 
En
er
gy
 ħ
ω
T
(m
eV
)
Emission Energy ħωt (meV) 𝜏 (fs)
a b c
𝜏 = 250fs
(co-linear)
𝜏 = 250fs
(co-linear)
FIG. 5: (a) Zero-quantum spectra taken with co-linear excitation at τ = 250 fs. (b) Evolution
of normalized slices taken at ~ωt = 1890 meV (indicated by the dashed red line in figure a). (c)
Normalized cross-slice taken at τ = 250 fs and ~ωt = 1890 meV (indicated by the dashed red line
in figure a).
No inter-triplet coherences were observed, which are expected to be symmetric in positive
and negative mixing energy due to their electronic origin. However, multiple negative mixing
energy sidebands appear with increasing delay τ , which we attribute to electronic-vibrational
coupling and discuss in a separate paper.
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